Abstract High-frequency gravity waves are analyzed using radiosonde soundings taken during the Tropical Warm Pool-International Cloud Experiment (TWP-ICE). The intrinsic periods of these waves are estimated to be between 10 and 50 min. The high-frequency wave activity in the stratosphere, defined by mass-weighted variance of the vertical motion of the sonde, has a maximum following the afternoon local convection indicating that these waves are generated by local convection. The wave activity is the strongest in the lower stratosphere below 22 km and, during the suppressed monsoon period, is modulated with a 3-4 day period. The concentration of the wave activity in the lower stratosphere is consistent with the properties of the environment in which these waves propagate, whereas its 3-4 day modulation is explained by the variation of the convection activity in the TWP-ICE domain. For shallow convection, the wave activity has a weak tendency to increase as the rainfall intensity increases. The wave activity associated with deep convection, which typically occurs at high rainfall intensities, is larger and has more spread than that associated with shallow convection.
Introduction
In Part 1, the properties of inertia-gravity waves were analyzed from radiosonde observations taken during the Tropical Warm Pool-International Cloud Experiment (TWP-ICE) campaign. The present paper, Part 2, focuses on the observations of the high-frequency gravity waves, which have intrinsic frequencies closer to the buoyancy frequency N and much greater than the inertial frequency f . The gravity waves examined here have intrinsic periods which are less than 1 h.
In general, high-frequency gravity waves are difficult to observe as they tend to propagate rapidly upward. Consequently, these waves are most commonly observed near the place and time of their generation. High-frequency gravity waves have been observed with radars [e.g., Dhaka et al., 2005; Uma et al., 2011; Kaur et al., 2012] and satellites [e.g., Sentman et al., 2003; Hecht et al., 2009] . From radar data, the horizontal wavelength and frequency of the waves can be observed directly. However, these data are limited by the area covered by the radar. From satellite data (e.g., airglow images), the horizontal wavelength and ground-based phase velocity are observed directly. Although satellites cover large areas, the observations of the high-frequency gravity waves are contingent on the waves reaching the upper atmosphere (e.g., 80-100 km altitudes).
Using radiosonde data, Lane et al. [2003] , Geller and Gong [2010] , and Gong and Geller [2010] deduced the wave activity and frequencies of the high-frequency gravity waves. Radiosonde data are available globally and for long times, but they are limited by relatively coarse time resolution (typically 3 to 12 h between two consecutive observations). Moreover, the vertical wavelengths cannot be calculated from the sounding directly [Reeder et al., 1999; Lane et al., 2003] . For all these reasons, there is a need for detailed observation of high-frequency gravity waves. Such observations are required to validate model studies and parameterization schemes [e.g., Chun and Baik, 1998; Beres et al., 2002] . The main aspects of the high-frequency gravity waves addressed here include their vertical and temporal variations, and their relationship with the rain rate, which is a proxy for the diabatic heating rate.
The remainder of the paper is organized as follows. The observations and data analysis are described in section 2. The properties of the high-frequency gravity waves (including their periods and vertical and horizontal wavelengths) are analyzed in section 3. The temporal and vertical variations in HANKINSON ET AL. ©2014 . American Geophysical Union. All Rights Reserved. the wave activity and its relationship with the rain rate are presented in section 4. Section 5 explains the observed variations of the wave activity by examining the properties of the environment for wave propagation and the variation of the convective sources in the vicinity of TWP-ICE domain. Finally, conclusions are given in section 6.
Data
During TWP-ICE, the radiosonde data are available at 3 h intervals except for Darwin which is available at 6 h intervals. Details of these data have been described in Part 1 and, hence, are not repeated here. Figure 1 , showing the locations of the observation stations during TWP-ICE, is reprinted here from Part 1 for convenience. As in Part 1, two weather regimes are analyzed separately. Regime 1 is the period from 28 January to 6 February 2006 which is characterized by a suppressed monsoon, while Regime 2 is the monsoon break from 7 to 13 February 2006. During the suppressed monsoon regime, the mean wind was dominantly westerly in a large part of the troposphere (up to about 10 km) and replaced by easterlies above. In contrast, during the monsoon break period, the mean wind was mainly easterly throughout the trophosphere and stratosphere. Diurnal continental convection was prevalent in this regime. The remainder of this section describes the calculation of the vertical velocity perturbations, from which the properties of the high-frequency gravity waves are deduced, and the radar and satellite data used to define the convective activity.
Perturbations of Vertical Velocity Derived From Radiosonde Soundings
Properties of the high-frequency gravity waves are derived from perturbations in the ascent rate of the balloon using the method described by Lane et al. [2003] , Gong and Geller [2010] , . The ascent rate of the balloon is calculated from the time derivative of the altitude of the balloon, which is itself determined using the hypsometric equation. The wave perturbations of vertical velocity w ′ are defined as the deviations from the background ascent rate. The assumption underpinning the analysis is that these perturbations in the ascent rate are a result of high-frequency gravity waves. The perturbations are obtained by first fitting and then subtracting a polynomial from each vertical profile of the ascent rate. Since perturbations in the troposphere contain signals from processes other than gravity waves such as turbulence and convection, the analysis of the gravity waves is carried out in the stratosphere from 17.5 to 28 km (the tropopause is located near 17 km during the campaign). The perturbations in the stratosphere are calculated as departures from a cubic polynomial, although the order of the polynomial does not affect the results qualitatively (as will be discussed in section 4.1). In addition, perturbations of the vertical velocity in the troposphere (examined between 3 and 10 km) are used in section 4.2 to relate the wave activity of high-frequency gravity waves in the stratosphere with its possible source of tropospheric convective activity. For the troposphere, the perturbations are calculated by removing a linear least squares fit to the vertical profile. The linear fit is chosen here rather than a high-order polynomial because of the ambiguities introduced by convective clouds.
Precipitation Estimates From Radar
Precipitation estimates from C-pol radar (the description of which can be found in Keenan et al. [1998] ) are available every 10 min on a 2.5 × 2.5 km grid. The area covered by these data is shown as the shaded region in Figure 1 . In addition to the rain rates, the rain type (either convective, stratiform or mixed), as determined by the method developed by Steiner et al. [2004] , is available at each grid point. The rainfall and area for each type of rain are accumulated over the 3 h periods prior to the observation times. These data will be Journal of Geophysical Research: Atmospheres 10.1002/2013JD020726 used in section 4 to relate the activity of high-frequency waves to the diabatic heating implied by the rainfall estimated from the C-pol radar.
Convective Activity Estimated From Satellite
Infrared measurements from the Multi-functional Transport Satellite (MTSAT) are used to quantify the convective activity in the areas surrounding the TWP-ICE domain and complement the radar observations. Convection is identified using the split window method of Inoue and Ackerman [2002] . Deep convection is assumed where the brightness temperature of the IR1 channel (10.3-11.3 μm) is lower than a threshold value IR1 top , which signifies that the cloud top is above the middle troposphere, and the difference between channels IR1 and IR2 (11.5-12.5 μm) is less than 0.5
• C. IR1 top is chosen to be −20 • C which is near 8.5 km for TWP-ICE data. These estimates of the convective activity are used to infer the tropospheric source of the gravity waves (section 5).
Properties of High-Frequency Gravity Waves

Frequency
Following Geller and Gong [2010] , the intrinsic frequency, and hence the intrinsic period, is calculated from the ratio of perturbation vertical kinetic energy V = 1 2 w ′2 to the perturbation potential energy
In the expressions for V and P, g is the gravitational acceleration, T 0 is the temperature of the mean state, which is taken from the variational analysis [Xie et al., 2010] as described in Part 1, the temperature perturbation T ′ is the deviation from the mean state, and the overbar denotes averaging in the vertical over all stations at a particular time. From Geller and Gong [2010, equation B6] , the relationship between the ratio V/P and the intrinsic frequency is
+1∕4, m is the vertical wave number, * is the intrinsic frequency, H s = − ∕ z is the density scale height, is the air density, and the subscript z denotes the derivative in the vertical. The intrinsic frequencies calculated from all soundings using equation (1) The intrinsic frequencies have also been calculated using the 1.7 day high-pass filtered temperature perturbations to eliminate the contributions from the low-frequency waves (see Part 1). The resultant frequencies have a mean of 24 min and a standard deviations of 6 min, which are relatively close to the estimates using the unfiltered perturbations. Thus, based on this analysis the mean intrinsic periods of the high-frequency gravity waves lay mostly in the range from 12 to 51 min (±2 standard deviations).
Vertical and Horizontal Wavelengths
One way to directly calculate the vertical wavelengths z of the high-frequency gravity waves in the stratosphere is from a Fourier transform of the w ′ vertical profiles. This approach gives a mean z of around 1.2-2 km. In addition, during the campaign, the spectrum of z fluctuates in a pulse-like manner, peaking and broadening (toward the longer wavelengths) near the times of maximum precipitation. With an intrinsic frequency of 12-51 min and a vertical wavelength of around 2 km, the dispersion relation
) could be used to determine the horizontal wavelength. Here k h is the horizontal wave number and the horizontal wavelength is h = 2 ∕k h . Such a calculation would give a value of the h around 3-25 km.
However, as pointed out by Gardener and Gardener [1993] , Reeder et al. [1999] and Lane et al. [2003] , vertical wavelengths estimated from the ascent rate of the balloon are prone to large errors whenever the horizontal winds are strong, the period is short, or the horizontal wavelengths are short. According to these authors, two conditions must be satisfied before the radiosonde sounding can be used to accurately calculate the vertical wavelength from spectral analysis. These conditions are where W is mean ascent rate, U is mean zonal wind, and = 2 ∕ is the ground-based period. In cases of strong horizontal winds and/or short horizontal wavelengths, z may be greatly underestimated. For the waves investigated here:
, and ≈ 30 min, resulting in the ratios of 0.53 and 0.2 for the inequalities (2a) and (2b), respectively. Therefore, the inequalities (2a) and (2b) are not well satisfied, and consequently z and h cannot be determined directly from the radiosonde profiles.
Properties of the Wave Activity
To investigate the connection between convection and the high-frequency gravity waves, the wave activity as measured by the density-weighted variance of the perturbations of vertical velocity w ′2 is examined. Figure 2a shows the time-height evolution of the wave activity (derived from the ascent rate) averaged over all stations during Regimes 1 and 2. The strongest wave activity is concentrated in the layer below 22 km, indicating that the layer above filters the waves. Furthermore, the time series of the wave activity averaged over heights of 17.5-28 km exhibits a pulse-like pattern. This temporal variation of the 17.5-28 km mean wave activity w ′2 is analyzed using a Morlet wavelet transform, the results of which are plotted in Figure 2b . During Regime 1, the wave activity varies predominantly with a 3-4 day period but varies mostly with a 1 day period during Regime 2. While the 1 day period variation of the high-frequency gravity wave activity can be explained by the diurnal variation of the convection during the monsoon break (Regime 2), the origin of the 3-4 day period variation during Regime 1 is less clear and will be investigated in section 5.
Vertical and Temporal Variations of the Wave Activity
The sensitivity of the wave activity to the background profile used for the calculation of the vertical velocity perturbations is examined now using different background profiles (not shown). In the lower stratosphere from 17.5 to 22 km, values of the wave activity calculated using linear, quadratic, and quartic polynomials to define the background state are 18%, 6% larger, and 2% smaller, respectively, than that using a cubic polynomial. In addition, an application of a box-car smoothing after removing a fitted cubic polynomial increases the wave activity by 7%. In the upper part of the stratosphere from 22 to 28 km, the wave activity calculated with different background profiles differs by less than 6% from that based on a cubic polynomial. Importantly, the patterns of wave activity calculated with different background profiles are similar to each other (not shown). Thus, the order of the polynomial chosen to define the background state does not qualitatively affect the results.
Diurnal Variation of the Wave Activity
A diurnal composite of the area-averaged precipitation rates estimated by the C-pol radar during Regime 2 is shown in Figure 3 . The time series of the precipitation rate has two maxima; the smaller peak is in the afternoon at 1830 local time (LT = UTC + 0930 h) and the larger peak is in the early morning at 0630 LT. Regime HANKINSON ET AL.
©2014. American Geophysical Union. All Rights Reserved. 1 has a similar pattern (not shown) but a much weaker diurnal variation. Moreover, the spatial distribution of the precipitation types (not shown) reveals a clear difference between the afternoon and early morning; during the afternoon, the precipitation is convective and located over land, whereas in the morning it is predominantly stratiform and located over the sea. This distribution for the Darwin area is found also by Vallgren [2006] , who used the number of convective cells detected by radar reflectivity as the measure of convective activity. Although the early morning precipitation covers a large area, it is mainly stratiform.
The diurnal variation of w ′2 in the troposphere (3-10 km) and lower stratosphere (17.5-22 km) is plotted also in Figure 3 . While w ′2 in the lower stratosphere largely represents the wave activity, its counterpart in the troposphere may include the effects of other processes such as turbulence and convection. In the troposphere, the maximum of w ′2 occurs at 1530 LT, which is just prior to the afternoon precipitation maximum. In contrast, the early morning maximum in the precipitation at 0630 LT corresponds only to a weak increase in the tropospheric w ′2 . The wave activity in the stratosphere shows one peak at 1830-2130 LT, which lags the afternoon precipitation maximum by 3 h. This lag in the stratospheric wave activity suggests that the gravity waves in the stratosphere are generated by convection in the troposphere. Nevertheless, the 3 h lag should not be viewed simply as the time taken for the gravity waves to propagate from troposphere to the stratosphere as the time resolution of the data is 3 h. Large values of w ′2 in the troposphere are most likely attributable to turbulence and convection, which may occur well before the generation of gravity waves.
The reason for the absence of a stratospheric maximum in the wave activity following the early morning precipitation maximum is examined now. Assuming that high-frequency gravity waves are generated by convection, this difference between the precipitation and wave activity may be because the early morning maritime clouds are more stratiform and are presumably weaker generators of gravity waves, and/or the early morning environment filters upward propagating waves. The first possibility is consistent with the C-pol radar data which shows that stratiform rainfall peaks at the early morning hours and covers an area roughly twice as large as the area covered by convective rainfall (not shown). The prevalence of stratiform rainfall during early morning is supported also by the work of Wapler and Lane [2012] . Using WRF high-resolution simulations of the monsoon break period during TWP-ICE, Wapler and Lane [2012] showed that the early morning maritime clouds were initiated by the land breeze. These clouds are relatively shallow, and hence, unlikely to generate large-amplitude gravity waves. The second possibility has been examined also by comparing the differences in mean flows in the early morning and early afternoon. The differences in the mean zonal wind profiles are small, less than 5 m s −1 (not shown), and are unlikely to be the cause of the observed differences in the wave activity in the stratosphere.
Relationship of the Wave Activity With the Rainfall Intensity
Variation in the diabatic heating in convective clouds is thought to be one of the mechanisms by which convection generates gravity waves [e.g., Salby and Garcia, 1987; Bretherton, 1988] . For this reason, the relationship between the stratospheric wave activity and the convective rainfall intensity, which is a proxy for the diabatic heating by convection, is examined now. data are stratified according to the cloud type identified by the variational analysis. Deep clouds are defined as those with tops above 8.5 km and depths more than 1 km. All other cases are defined to be shallow. Figure 4 shows the relationship between the wave activity and the convective rainfall intensity in the two layers and for the two classes of convection. The wave activity is larger for deep convection than for shallow convection in both layers. Likewise, the spread of wave activity for a given rainfall intensity is larger for deep convection than shallow convection. Although the wave activity for shallow convection increases slowly with increased rainfall intensity, the wave activity for deep convection shows a peak around 1-1.5 (mm h −1 ) 1∕3 in the lower layer which shifts to about 1.5-2 (mm h −1 ) 1∕3 in the upper layer.
The differences in the wave activity in the lower and upper layers can be seen by comparing Figures 4a and 4b. The wave activity in the lower layer ( Figure 4a ) for both shallow and deep convection is larger and has a greater spread than that in the upper layer (Figure 4b ). This decrease in the wave activity from the lower to the upper layer implies that some filtering may have taken place in the upper layer.
Modulation of the High-Frequency Wave Activity
In this section the role of the background wind and potential temperature profiles in the lower stratosphere in filtering vertical propagating waves is explored. The reason for the 3-4 day period variation of the wave activity during Regime 1 is investigated also.
Variation in the Propagation Properties of the Medium
The properties of the medium through which small-amplitude gravity waves propagate are characterized by the Scorer parameter L 2 , which is defined by
where c is the ground-based phase speed of the wave, U is the component of the environmental wind in the direction of propagation, and the subscript z denotes the derivative in the vertical direction. The first, second, and third terms in L 2 are commonly referred to as the buoyancy term, the curvature term, and the shear term, respectively. The Taylor-Goldstein equation, which describes two-dimensional, linear disturbances in a horizontally homogeneous, nonrotating, stably stratified atmosphere, can be written as
whereŵ = e −z∕2H sw is the density-weighted amplitude of the vertical velocity, andw is the amplitude of the vertical component of the velocity [Nappo, 2002] . The Taylor to be positive for wave-like solutions. Consequently, the square root of the Scorer parameter is the largest horizontal wave number permitted to propagate vertically unimpeded in the given environment. In other words, only waves with horizontal wavelengths larger than the critical horizontal wavelength * = 2 ∕ | L | will propagate vertically [e.g., Menhofer et al., 1997] .
The methods described in section 3.1 permit the calculation of the intrinsic frequency and the wave activity for the high-frequency part of the spectrum. As inequalities (2a) and (2b) are not satisfied, however, the horizontal and vertical wave numbers cannot be calculated from the radiosonde profiles. Consequently, the vertical and horizontal phase speeds are not known. For this reason, the critical wavelength is calculated for all ground-based phase speeds between −40 and +40 ms −1 and in all directions. The results of these calculations for Regimes 1 and 2 in the layers 18-20 km and 24-26 km are shown in Figure 5 . The wind and potential temperature profiles used to construct Figure 5 come from the variational analysis and are averaged for days 31-33 to represent Regime 1 and days 38-40 to represent Regime 2. Waves propagating upward and downstream may reach critical levels, i.e., levels at which c = U. As a wave propagates upward and approaches a critical level, the ground-based frequency is conserved (provided the environment is steady). The intrinsic frequency is Doppler-shifted by the background wind to zero, and the wave is either absorbed, reflected, or partially transmitted depending on the details of the environment. Waves propagating upstream (to the east) require larger horizontal wavelengths to propagate vertically than those propagating downstream (in the absence of critical levels).
The critical horizontal wavelength for the upper layer during Regime 1, denoted * R1U
, is plotted as a function of the ground-based phase speed in Figure 5a . In general, * increases as the phase speed in the zonal direction increases. Consequently, the horizontal wavelengths of upward propagating waves traveling to the west can be shorter than upward propagating waves traveling to the east. For example, * = 12 km when the phase speed is 20 m s −1 to the east whereas * = 1 km when it is 20 m s −1 to the west.
Figures 5b-5d show how * changes with layer and regime. The difference between * R1U
( Figure 5a ) and that in Regime 2, denoted * R2U
, is plotted in Figure 5b . Likewise, the difference between * R1U and * in the lower layer during Regime 1, denoted * R1L
, is plotted in Figure 5c , while the difference between * R1U and * in the lower layer in Regime 2, denoted * R2L
, is plotted in Figure 5d . In the upper layer, * changes little from Regime 1 to Regime 2. In contrast, in the lower layer, * is much smaller during Regime 2 compared to Regime 1. In other words, during Regime 2, the lower stratosphere is more favorable for the vertical wave propagation of high-frequency gravity waves than during Regime 1. In addition, negative differences (i.e., smaller * in the lower layer than in the upper layer) in Figures 5c and 5d indicate that the upstream waves with shorter wavelengths are attenuated while propagating upward (through the upper layer). This attenuation is consistent with the decrease in the high-frequency wave activity in the upper stratosphere shown in Figures 2a and 4 .
To illustrate the effects of the environmental wind and temperature in the lower stratosphere in attenuating the high-frequency wave activity, Figure 6 shows the time-height evolution of the critical horizontal wavelength for waves with a phase speed of 20 m s −1 toward the east. The value chosen is close to the phase speed corresponding to a critical wavelength of 15 km (see Figure 5a) , which is typical for horizontal wavelengths of the convectively generated gravity waves simulated by numerical models [see e.g., . Such a wave propagates against the mean wind in the 18-20 km layer and, according to Figure 5 , in an environment in which the critical wavelength increases with height. Moreover, all things being equal, waves propagating upstream will have larger amplitudes (in vertical velocity) than those propagating downstream Beres et al., 2002] ; and hence, the effect of the environment on wave activity should be most pronounced for these waves. The important point of Figure 6 is that the high-frequency wave activity between 17.5 and 22 km is much larger than that between 22 and 28 km, and that this decrease is accompanied by an increase in the critical wavelength. This general pattern is not dependent on the choice of phase speed, and is consistent with the observed distribution of the high-frequency wave activity, which is concentrated in the lower stratosphere below about 22 km (see Figure 2a) . The largest contribution to the Scorer parameter comes from the buoyancy term, which is of order 10 −6 m −2 . At a height of 20 km, the curvature and shear terms are of order 10 −7 − 10 −6 and 10 −8 m −2 , respectively, while at 24 km, the curvature and shear terms are of order 10 −12 and 10 −9 m −2 , respectively. At times, the curvature term at 20 km makes a significant contribution, reaching the same order of magnitude as the buoyancy term, increasing the Scorer parameter, and reducing the critical wavelength.
Variation in the Wave Source
Although the 3-4 day variation of the wave activity during Regime 1 appears in Figure 6 as three peaks in the wave activity on days 28-29, 31-33, and 35-36 (which correspond to 28-29 January, 31 January to 2 February and 4-5 February 2006), the critical wavelength in the lower stratosphere does not show a similar variation in time. For instance, the peak on day 36 is not associated with a smaller value of * . It appears, therefore, that the 3-4 day variation in the wave activity cannot be explained by the variation of the environment through which these waves propagate and is likely related to variations in the wave source.
The variation in the source of the waves and its connection to the 3-4 day variation are examined now. Figure 6 shows the evolution of convection as represented by the area-averaged convective rain rates estimated from the C-pol radar reflectivity and the coverage of deep convection using IR satellite imagery from MTSAT. The plotted rain rates are averaged over the radar scan area, which is within 150 km radius from Darwin. The 3-4 day variation in the wave activity appears related to the variation in the area covered by deep convection within about 150-300 km of Darwin with peaks during days 31-33 and 35-36. Within a radius of 150 km, the radar-derived rain rates and the area covered by deep convection show only the first peak. Hence, it seems likely that the second peak in the wave activity is generated by the convection outside of the area covered by the radar.
To test the possibility that some of the high-frequency gravity waves detected in the TWP-ICE radiosondes are generated outside of the area covered by the radar, rays are traced backward in time using the code GROGRAT [Marks and Eckermann, 1995] . The wind and temperature fields used to define the environment come from the 6-hourly ERA-Interim reanalysis. Two hundred and sixteen rays are traced with the initial horizontal wavelengths of 5, 15, 25 km, and from all directions in steps of 45
• (0, 45, 90,135, 180, 225, 270 and 315 • ). The initial intrinsic periods are 25, 33, and 41 min, which are roughly the mean intrinsic period and 1 standard deviation from the mean estimated in section 3.1. Rays are released backward in time from 22 km altitude, from three locations near Cape Don, Garden Point, and Mount Bundy stations. The presence of deep convection along the rays is determined using infrared satellite data. A point on the ray paths is assumed to have emerged from deep convection if there is at least 10% of the area within the radius of 0.5
• occupied by deep convection and the ray lies between 8.5 and 18 km in altitude.
(Note that this range is slightly different from that used by Ki and Chun [2011] (from 6 to 13 km) to study gravity waves in Korea.) This range is chosen to include both the height of −20
• C level, which is used to classify deep convection using infrared satellite data (see section 2.3), and the tropopause, to take account of overshooting convection. Figure 7c ). In addition, the time-height diagram shown in Figure 7d indicates that most rays took between 5 and 17 h to reach the lower stratosphere over the TWP-ICE domain from the upper troposphere where convection occurred. Thus, the backward traced rays presented here support the possibility that the small peak in the wave activity on days 35-36 is related to the convection from outside of the TWP-ICE domain.
As discussed by Berry et al. [2012] , about half of the rainfall in the Australian summer monsoon is related to the passage of low-level, cyclonic potential vorticity anomalies. Figure 8 shows the time-latitude Hovmöller diagram of the potential vorticity in the layer between the 310 and 320 K isentropic surfaces. This layer is located near 700 hPa level, at which cyclonic potential vorticity is typically produced by tropical convection. The first and second peaks in the wave activity correspond to the enhanced cyclonic potential vorticity (marked by letters A and B, respectively, in Figure 8 ). In particular, the second peak is associated with the region of enhanced cyclonic potential vorticity which extends to the south of Darwin. Thus, the periods of enhanced cyclonic potential vorticity are consistent with the convection coverage derived from satellite imagery. Moreover, it appears that the second peak was generated by the convection outside the area of TWP-ICE and that the 3-4 day variation in the wave activity reflects the temporal variation in cyclonic potential vorticity anomalies in the region and their associated convection.
Conclusions
The properties of high-frequency gravity waves were determined from the fluctuations in the ascent rate of the radiosondes released during the TWP-ICE campaign. The intrinsic period of these waves was found to be in the range of 10-50 min using the method of Geller and Gong [2010] .
The wave activity was quantified by the mass-weighted variance of the vertical motion ( w ′2 ). The wave activity was the strongest in the lower part of the stratosphere below 22 km and varied with a distinct 3-4 day period during the suppressed monsoon regime, and with a 1 day period during the monsoon break regime. Moreover, the diurnal variation of the wave activity in the stratosphere was larger following the afternoon local convection, indicating that these gravity waves were generated by local convection.
The area averaged convective rainfall intensity and the wave activity averaged for all stations in the TWP-ICE domain showed that for shallow convection, there is a weak tendency for increased wave activity as rainfall intensity increases. The wave activity for cases with deep convection, which is typically associated with high rainfall intensity, was higher than that for shallow convection although the variability was larger. It should be noted that the relationship between the rainfall intensity and wave activity should be treated cautiously as the wave activity measured over the TWP-ICE domain may have come from gravity waves being generated by deep convection from outside of the domain.
The 3-4 day modulation of the wave activity during the suppressed monsoon regime and its concentration in the lower part of the stratosphere was investigated by examining the propagation properties of the medium and the time variation of the wave source. It was found that the propagation properties (as measured by the Scorer parameter) of the layer between 22 and 26 km were not favorable for short waves propagating to the east (upstream). Thus, the presence of this layer was consistent with the decrease of the wave activity with height. The 3-4 day variation was found to be consistent with the variation of the convection activity in the region within 300 km of the TWP-ICE domain, which was also related to the variability in synoptic scale potential vorticity anomalies.
